The problem of crystal sizes is one of the central problems of differentiation of a terrestrial magma ocean and it has been an arbitrary parameter in previous models. The crystal sizes are controlled by kinetics of nucleation and crystal growth in a convective magma ocean. In contrast with crystallization in magma chambers, volcanic lavas, dikes, and other relatively well studied systems, nucleation and crystallization of solid phases occur due to the adiabatic compression in downward moving magma (adiabatic "cooling"). This problem is solved analytically for an arbitrary crystal growth law, using the following assumptions: convection is not influenced by the kinetics, interface kinetics is the rate controlling mechanism of crystal growth, and the adiabatic cooling is sufficiently slow for the asymptotic solution to be valid. The problems of nucleation and crystal growth at constant heat flux from the system and at constant temperature drop rate are shown to be described with similar equations. This allows comparison with numerical and experimental data available for these cases. A good agreement was found. When, during the cooling, the temperature drops below the temperature of the expected solid phase appearance, the subsequent evolution consists of three basic periods: cooling without any nucleation and crystallization, a short time interval of nucleation and initial crystallization (relaxation to equilibrium), and slow crystallization due to crystal growth controlled by quasi-equilibrium cooling. In contrast to previously discussed problems, nucleation is not as important as the crystal growth rate function and the rate of cooling. The physics of this unusual behavior is that both the characteristic nucleation rate and the time interval during which the nucleation takes place are now controlled by a competition between the cooling and crystallization rates. A probable size range for the magma ocean is found to be 10 -2 -1 cm, which is close to the upper bound for the critical crystal size dividing fractional and nonfractional crystallization discussed elsewhere in this issue. Both the volatile content and pressure are important and can influence the estimate by 1-2 orders of magnitude. Different kinds of Ostwald ripening take place in the final stage of the crystal growth. If the surface nucleation is the rate-controlling mechanism of crystal growth at small supercooling, then the Ostwald ripening is negligibly slow. In the case of other mechanisms of crystal gro•vth, the crystal radius can reach the critical value required to start the fractional crystallization. It can happen in the latest stages of the evolution when the crystals do not dissolve completely and the time for the ripenlug is large.
INTRODUCTION

[Sooatov this
it has been found that the differentiation of a terrestrial magma ocean strongly depends on the crystal sizes. The crystal sizes cannot be estimated just from the observed surface rocks: it is well-known that the crystal sizes can vary from microscopic sizes of the order of several molecular thicknesses (10 -? -10 -6 cm) to the largest observed sizes
(1-10 cm), depending on the cooling history. In this paper we make a first step in this problem to determine the crystal sizes in the convective magma ocean. 0148-0227/93/92 JE-02839 $05.00 crystals even at small crystal fractions, and nonfractional crystallization when the convection is strong enough to prevent any differentiation. The switch between these two cases is probably determined by the energetics of convection and is sharply defined compared with uncertainties in other parameters such as the boundary conditions determining the heat flux or crystal sizes determining the settling velocity and dissipational heating. In the case of nonfractional crystallization, differentiation eventually occurs in a solid matrix with percolating melt. The crystal size determines the degree of differentiation in this regime because it influences the competition between the percolation rate and the rate of solidification. The crystal size is also an important factor for the problems of nonequilibrium thermodynamics and rheology. For investigation of nonfractional crystallization, it is sufficient to assume here that differentiation is negligible and the magma ocean is chemically uniform.
General Description of the
The temperature of the magma ocean approximately follows a two-phase adiabat of the multicomponent system considered. In the simplest general case, when this adiabat passes through all the depths, it passes through a completely molten uppermost, layer, then through a layer containing only the first solid phase, then a layer where the second solid phase enters the melt, and so on. Eventually, the adiabat reaches a completely solid region, though this region may be absent in the beginning of the evolution. The depth interval through which the adiabat follows from the liquidus to solidus is comparable with the magma ocean thickness, and thus each layer occupies a significant portion of the magma ocean.
Nucleation and crystal growth are controlled not by the entire magma ocean cooling rate (as it would be, for example, in a conductive layer), but by the circulation rate of the fluid between layers where the crystals appear and disappear. Consequently , the nucleation and crystallization are cyclic processes which take place in quasi-steady conditions.
The final crystal size is influenced by Ostwald ripening, which takes place when the crystals circulate in regions of their stability When the crystals have no possibility to dissolve completely, it can be a dominant process. This case is possible during the latest stages of the evolution, when the completely molten layer is absent and the temperature is below the liquidus (or subsequent phase boundaries) everywhere.
Qualitative Analysis of Nucleation and Crystal Growth
Figure 1 shows a cartoon of the magma ocean with an exaggerated scale. Figure 2 shows schematically the temperature variation in a fluid parcel moving down across the nucleation boundary. Before the intersection, the temperature is higher than the temperature for the appearance of the expected solid phase. After the intersection, the supercooling in the moving parcel begins to grow. It will be shown later that the crystallization occurs in a way similar to ihe crystallization at constant pressure when the temperature drop rate is constant and when the heat loss rate is constant. However, in the problem considered, the supercooling increases due to the difference in slopes between the adiabatic temperature of the moving melt and the slope of the boundary of the solid phase appearance.
Eventually, the supercooling reaches a sufficiently high value, and nucleation and crystallization begin. This process is avalanchelike, and the system quickly reaches almost complete equilibrium. After this, the nucleation mostly ceases, and further motion (or cooling in the constant pressure ana- nfight be relevant to magma chambers, but the presence of a solid lid, floor and walls is believed to be a more important factor. Crystallization in the surface thermal boundary layers in the magma ocean is followed by melting due to equilibrating with the potential temperature upon e•t kom the boundary layers and has no direct influence on the crystal growth. Solid boundaries and walls are absent and cannot be the places for nucleation and crystal growth. Even the floor in the common sense is absent; the crystal kaction increases continuously with depth. The composition of the chondritelike or peridotitelike magma ocean is also different kom a basMtic composition of the magma chambers.
Nucleation and Crystal Growth
We follow a common physics of nucleation and crystal growth which is discussed in many works [e.g., Dunning, 1969 [Dowty, 1980; Lofgren, 1983] .
One of the specific features of silicate systems is that the mechanisms of crystal growth vary with composition. We find an analytical solution for any arbitrary mechanism of interface kinetics controlled crystal growth.
Previous Laboratory and Numerical Experiments
The problem has two, almost exact, constant pressure analogs: the cooling at constant heat loss rate and at constant temperature drop rate. This fact allows comparison with corresponding numerical and experimental data which provide the dependence of the crystal sizes on the cooling rate. The experimental data were selected on the basis of the following requirements. The initial temperature must be higher than the temperature for the appearance of the solid phase studied (in the magma ocean case it is higher by hundreds of kelvins during most of the evolution). In the opposite case, the preexisting crystals of the solidifying phase influence the crystallization conditions [ Walker et al., 1978; Lofgren, 1983 Lofgren, , 1989 Grove, 1990 ] (see also discussion section). The cooling rate must be constant and not be in- 
where the superscript "2" means the thermodynamical rameters per unit mass after the phase boundary. The thermodynamical parameters after the phase boundary calculated at •b = const are approximately equal to the thermodynamical parameters before the phase boundary:
We Mso suppose that the characteristic convective velocity before and after the phase boundary is the same and can be taken as a constant and thus 
for constant temperature drop rate.
The cooling rate •' is 2 -- 
where ( ,,, 10 -2 -10 -1 is Mmost constant. Thus, only two parameters are important: the "external" parameter
•' characterizing the rate of supercooling and the "internal" parameter G(T') characterizing the crystal growth rate.
There are three mechanisms responsible for the crystal growth via interface kinetics [Kirkpatrick, 1975 [Kirkpatrick, , 1981 Dowry, 1980; Randolph and Larson, 1988] : the continuous growth mechanism where the molecules can be attached to the crystal surface just on reaching it, the screw dislocation mechanism where the molecules are attached to the screw dislocations, and the surface nucleation mechanism which is a two-dimensional analog to the bulk nucleation. We suppose that for the silicate systems considered, the surface nucleation is the main mechanism of crystal growth The kinetic parameters can be found from the experimental data for the peak crystal growth rate Gr,• , the supercooling ATa at which this peak takes place, the peak nucleation rate Jr•, and the supercooling ATe.
The existence of the crystal growth and nucleation peaks is due to the decreasing diffusion rate in the liquid when the supercooling increases and, correspondingly, the absolute temperature drops. The diffusion term is present in 
Discrepency With the Laboratory Data
The theoretical curves and the laboratory data have a small difference in slope. It is difficult to reduce because of a weak dependence on the parameters. If it has any significance at all, we would attribute this to a simplified description of heterogeneous nucleation. Heterogeneous nucleation has a smaller energy barrier for the nucleation (we used a smaller surface tension) but also it can influence the initial conditions: the crystals can grow on preexisting impurities or on crystals of other solid phases [Lofgren, 1983; Hort and Spohn, 1991a] . Some low energy sites can be saturated in the very beginning of nucleation. The number of these sites does not depend on the cooling rate and thus, a weaker dependence of the crystal radius on the cooling rate could be expected. Examples of flattening of the curves are found in Walker et al. [1978] , and Grove [1990] , where, in some cases, crystallization started at a subcritical temperature.
Composition and Pressure Effects
The kinetics of crystal growth is influenced by composition changes, in particular, by the amount of volatiles. Water significantly decreases the peak crystal growth rate (the peak nucleation rate as well) and also decreases the peak supercooling [Fenn, 1977; Swanson, 1977; Dowty, 1980] . The mechanisms of this influence are not understood. It could be due to the influence of water on the surface tension, on the interdiffusion coefficients, or on the mechanism of crystal growth. Ahrens [1992] argues that the amount of water in a terrestrial magma ocean could be up to I wt.% and thus it could be an important factor which could influence the crystal sizes by I or more orders of magnitude. The influence of pressure is also a poorly understood factor. Recent experiments on nucleation and crystal growth at high pressures (up to ~ 5 GPa) [Brazhkin et al., 1989; 1992a, b,c] show that for some simple, one-component substances, the crystal sizes decrease with pressure at the same cooling rate (up to I order of magnitude in this pressure interval). In these experiments, the rates of supercooling are extremely high. This corresponds to a rapid cooling limit which is opposite to the slow cooling limit studied in this work. The effect observed in these experiments is explained by the dependence of the surface tension on pressure. A similar effect could work in a magma ocean, although the kinetics of phase changes for silicates at high pressures could be quite different due to the changes in the melt structure with pressure (see, e.g., recent study by Williams and Jeanloz, 1988). In particular, the surface tension can change significantly (due to structural changes at the molecular level) or the mechanism of crystal growth can change.
We conclude that both the water (or other volatiles) content and pressure are important factors which can influence the crystal sizes in magma oceans by 1-2 orders of magnitude in either direction. These problems again are not well studied and require further investigation.
Influence of Kinetics on Convection
We assumed that convection is not influenced by kinetics. Also we ignored the fact that turbulent convection has a wide spectrum of eddies and considered only the main flow 
Recently a mathematical procedure using the steepest descents method of integration was developed for the problem of crystallization in an isolated, initially supercooled system [Buyevich and Mansurov, 1990] 
The parameter p is supposed to be large, and the steepest descents method in a general form is supposed to be applied to the following integrals [Bleistein and Handelsmart, 1975 
